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and permalloy
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Thin films of iron and permalloy (Ni80Fe20) were prepared using an Ar+N2 mixture with mag-
netron sputtering technique at ambient temperature. The nitrogen partial pressure, during sputter-
ing process was varied in the range of 0 ≤ RN2 ≤ 100%, keeping the total gas flow at constant. At
lower nitrogen pressures (RN2 ≤ 33%) both Fe and NiFe, first form a nanocrystalline structure and
an increase in RN2, results in formation of an amorphous structure. At intermediate nitrogen par-
tial pressures, nitrides of Fe and NiFe were obtained while at even higher nitrogen partial pressures,
nitrides themselves became nanocrystalline or amorphous. The surface, structural and magnetic
properties of the deposited films were studied using x-ray reflection and diffraction, transmission
electron microscopy, polarized neutron reflectivity and using a DC extraction magnetometer. The
growth behavior for amorphous film was found different as compared with poly or nanocrystalline
films. The soft-magnetic properties of FeN were improved on nanocrystallization while those of
NiFeN were degraded. A mechanism inducing nanocrystallization and amorphization in Fe and
NiFe due to reactive nitrogen sputtering is discussed in the present article.
PACS numbers: 81.15.Cd, 68.55.Jk, 68.60.Dv, 61.10.Kw, 61.46.+w, 75.70.-i
I. INTRODUCTION
During recent years, nanostructured and amorphous
thin films and multilayers of magnetic materials have
attracted tremendous scientific and technological inter-
ests due to their unique properties compared to con-
ventional crystalline materials.1,2,3,4 In nanocrystalline
materials, as the grain size decreases, there is a signif-
icant increase in the volume fraction of grain bound-
aries or interfaces. This characteristic strongly influ-
ences the chemical and physical properties of the mate-
rial. In particular, a decrease in the grain size results in
improved soft-magnetic properties. On the other hand,
amorphous phases are expected to be free from grains
and grain-boundaries which often results in release of in-
trinsic stresses, decrease in magnetic anisotropy and a
smoother surface or interface. Furthermore, grains or
grain-boundaries act like active path for diffusion, and
therefore, atomic self-diffusion in amorphous phases is
expected to be lower. Amorphous or nano grain thin
films exhibit a short range ordering in the microstructure
and their structural, mechanical, electrical, and mag-
netic properties often depends on the methods and con-
ditions of preparation.5,6,7 Various attempts have been
made to achieve amorphization in binary or multicom-
ponent metal-metal and metal-metalloid systems using
different techniques such as rapid-melt quenching,8 me-
chanical alloying,9 hydrogenation,10 pressure,11 interdif-
fusion reaction12,13,14 and ion or electron irradiation.15,16
Quite recently, nitrogen reactive sputtering has also
been used to achieve a nanocrystalline or amorphous
phase.17,18,19,20 In the sputtering process the adatoms
have energy of the order of few tens of eV,and during
condensation onto the substrate,adatoms are quenched
and may form an amorphous or fine grain structure. At
the same time, when sputtered using low Z reactive ions
e.g. nitrogen ions, they may occupy interstitial sites in
the unit cell of sputtered species, causing a distortion
of the unit cell. A combined effect of these situations
may lead to a nanocrystalline or amorphous structure of
the deposited film. In order to verify such a mechanism
causing nanocrystallization or amorphization, two differ-
ent materials namely bcc Fe and fcc NiFe permalloy were
chosen for the present study. In earlier studies, Fe thin
films have been prepared using an Ar+N2 gas mixture
by magnetron sputtering,21,22 rf sputtering,23,24pulsed
laser deposition,25,26,27 ion-beam enhanced deposition
(IBED),28 etc. The motivation of most of these stud-
ies was to obtain nitrogen poor Fe16N2 phase which pos-
sess very high magnetic moment.29,30In some of these
studies an amorphous or nanocrystalline phase of FeN
was obtained at low nitrogen pressure.23,24,28 However, a
detailed investigation of evolution of nanocrystalline or
amorphous phases and a mechanism inducing nanocrys-
tallization or amorphization was not studied. It is
known that when heated, evaporated, ablated or sput-
tered in nitrogen environment or with nitrogen ion, iron
forms a microstructure with a variety of FeN alloys
and compounds, including the recently discovered new-
cubic-type nitrides.21,26 Ferromagnetic nitrides of iron
have received tremendous interests in magnetic func-
tional devices.31,32On the other hand, NiFe alloy with
a composition of Ni80Fe20 is a well-known soft-magnetic
alloy and is known as permalloy. It forms a face centered
cubic structure of the type Ni3Fe. In a recent study by
Chiba et al.,33 NiFe nitrides were deposited using rf sput-
tering technique for a nitrogen flow in the range of 5-30%.
A decrease in saturation magnetization is reported, how-
ever a detailed variation in microstructure with higher
nitrogen content was not investigated.
2In present work our aim is to explore the structural
and magnetic properties and growth behavior of the bcc
Fe and fcc NiFe thin films prepared using reactive ni-
trogen sputtering in the whole nitrogen partial pressure
range (0-100%). In a study by Kawamura et al.34 thin
films of NiN were studied. In the present case it was
found that both Fe and NiFe, forms an amorphous or
nanocrystalline phase of either the element or a nitride
of them when sputtered with a nitrogen poor or rich
mixtures. Polycrystalline films containing a mixture of
nitrides were obtained at intermediate gas pressures and
below or above, the long range ordering of either the pure
metal or nitrides of them is restricted and a nanocrys-
talline or amorphous structure is obtained. On the basis
of obtained results a mechanism leading the breakdown
of long range ordering is discussed. In order to under-
stand the physical properties of the formed amorphous
phases, crystallization process was studied after anneal-
ing the thin films in vacuum. It is known that amorphous
films have a smoother surface, due to absence of grains
and lattice defects; the growth behavior of an amorphous
phase and for comparison of pure Fe and nanocrystalline
FeN was studied. Magnetic properties of ferromagnetic
films were studied using a DC extraction magnetometer
and in order to avoid diamagnetism of the substrate, the
magnetic moment was also determined using polarized
neutron reflectometry. The results of abovementioned
studies are presented and discussed in this article.
II. EXPERIMENTAL METHODS
Thin films of Fe and permalloy (Ni80Fe20) were pre-
pared by magnetron sputtering using a gas mixture of
Ar+N2. The nitrogen partial pressure, defined as, RN2
= PN2/(PN2 + PAr)× 100%, was varied at 0, 2, 5, 10, 20,
33, 50, 83 and 100% for Fe and 0, 5, 10, 20, 33, 50, 59, 83
and 100% for NiFe. The gas flows in the vacuum chamber
were controlled using mass flow controllers and the total
gas flow for sputtering was kept fixed at 10 cm3/min. Cir-
cular targets of pure Fe or permalloy, 75 mm in diameter,
were sputtered with the gas mixture. A constant sput-
tering power of 50 W was used in all depositions. The
targets were covered with slits of width 80mm to restrict
the plasma. The cathode (target) and the substrate were
mounted parallel to each other at a distance of about 8
cm. Before depositions a base vacuum of the order of
1×10−6 mbar was obtained and the vacuum chamber was
flushed with Ar and N2 gas so as to avoid contamination
of other gases inside the vacuum chamber. The pressure
during deposition was in the range of 4-8×10−3 mbar.
The substrates were mounted below the targets and os-
cillated with respect to the central position of the target
for better uniformity of the deposited samples. All the
samples were deposited at room temperature (∼298K,
without intentional heating) on float glass or Si (100)
substrates. Thin films for growth studies were deposited
in a single sputtering run (for one composition) onto a
glass substrate. The targets were covered with a small
slit of size 15 mm and the substrate was exposed to the
center of target for different amount of time to obtain
different thicknesses. The substrate was translated us-
ing a computer controlled linear translation stage. The
thicknesses of the films were determined using x-ray re-
flectivity (XRR) technique and the structure of the films
was investigated using grazing-incidence x-ray diffraction
(XRD) using Cu Kα x-rays. For all the measurements the
incident angle was kept fixed just above the critical angle
of the film, to minimize the background due to diffraction
of the substrate. The bulk magnetic measurements were
performed using a DC extraction magnetometer with the
magnetic field applied parallel to the plane of the film us-
ing a physical property measurement system (PPMS). In
order to determine the magnetic moment of the films,
independent of substrate magnetism or sample area, the
polarized neutron reflectivity (PNR) measurements were
performed at the saturation field of the samples. The
measurements were performed at fixed angle of incidence
in the time of flight (ToF) mode at AMOR(SINQ/PSI).35
III. RESULTS AND DISCUSSION
A. Structural properties : FeN
Fig. 1 shows the grazing-incidence XRD pattern of Fe
films prepared with different nitrogen partial pressure.
The film prepared with Ar gas only, shows reflections cor-
responding to bcc α-Fe with orientation in the direction
of (110) plane. For the films prepared with 2%-20% ni-
trogen partial pressure (rest Ar), the XRD pattern shows
a structure similar to bcc α-Fe, however all the peaks
were broad and the peak positions were shifted to lower
angle side as compared to the XRD pattern of pure Fe
film. The line width of the diffracted pattern can be
used to calculate the grain size of the diffracting spec-
imen in the direction perpendicular to the plane of the
film using Scherrer formula,36 t = 0.9λ/b cos θ, where t
is the grain size, b is an angular width in terms of 2θ, θ is
the Bragg angle and λ is the wavelength of the radiation
used. For the film prepared with Ar gas only, the aver-
age grain size was 13±1 nm while in the presence of 2%
nitrogen partial pressure during sputtering, it decreases
to 6±1 nm; half of the value found without any nitrogen.
This result indicates that even the presence of nitrogen
as small as 2%, significantly affects the growth of Fe crys-
tals and restricts the long-range ordering. The positions
of Bragg peaks for the sample prepared with 2% nitrogen,
were shifted to lower-angle side, indicating an increase in
the inter-atomic spacing. The average interatomic dis-
tance can be estimated using the relation a = 1.23/2
sinθ, where θ is taken to be the angle at the center of
the peak, and the factor 1.23 is a geometric factor which
rationalizes the nearest neighbor distance with the spac-
ing between “pseudo-close packed planes”.37 Comparing
the interatomic spacing for the film prepared without ni-
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FIG. 1: Grazing incidence x-ray diffraction pattern of FeN
thin films prepared with different nitrogen partial pressure.
trogen and with 2% nitrogen, the average interatomic
spacing was found to be expanded by 2%. On increasing
the nitrogen partial pressure the width of the reflections
further increases and peak position continues to shift to-
wards the lower angle side. At 5 and 10% nitrogen partial
pressure the line width of the peak becomes as large as
4◦, which is close to the value found for conventional iron
based amorphous alloys.3
The amorphous nature of the film deposited at RN2
=10%, was confirmed with transmission electron mi-
croscopy (TEM). A thin film of thickness 70 nm was di-
rectly deposited on a carbon coated TEM grid. Fig. 2
shows a representative TEM micrograph along with the
electron diffraction pattern. Similar micrographs were
observed through out the plane of the film. The mi-
crograph essentially showed a feature less structure and
the electron diffraction pattern showed diffuse diffraction
ring which confirms the amorphous nature of the film.
Fig. 3 shows a plot of average interatomic distance a,
as function of increase in the nitrogen partial pressure
in the range of 0-20% for FeN, and 0-33% for NiFeN.
As can be seen from the figure, with an increase in the
amount of nitrogen, the interatomic spacing continues
to increase. However at 20% the broad hump overlaps
with two sharp peaks. The peak positions of the sharp
peaks correspond to hcp ǫ-Fe3N phase. And the overall
structure can be considered as a mixture of amorphous
bcc-Fe along with hcp ǫ-Fe3N phase. At 33.3% nitrogen
partial pressure the structure changes completely and ǫ-
FIG. 2: TEM planar view of the sample prepared at 10%
nitrogen partial pressure. The inset of the picture shows the
electron diffraction pattern.
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FIG. 3: Inter-atomic spacing as a function of nitrogen partial
pressure in FeN and NiFeN.
Fe3N phase along with ζ-Fe2N phases were obtained. On
further increasing the nitrogen partial pressure at 50%,
the structure changes again reflections corresponding to
new-cubic-type phase were obtained. It may be noted
that width of the Bragg peak at 34◦ is (1.4◦±0.01◦) cor-
responding to an average grain size of about 6 nm, which
is an indication of formation of a nano grain structure.
At 83.3% nitrogen partial pressure, sharp peaks corre-
sponding to γ′′′-FeN phase were observed. On further
increasing the nitrogen partial pressure to 100%, the peak
widths again starts increasing, indicating re-formation a
nanocrystalline structure.
4B. Structural properties : NiFeN
The permalloy target was also sputtered with a mix-
ture of Ar+N2 by varying the nitrogen partial pressure in
the range of 0-100%. Fig. 4 shows grazing incidence x-ray
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FIG. 4: Grazing incidence x-ray diffraction pattern of NiFeN
thin films prepared with different nitrogen partial pressure.
diffraction pattern of NiFeN thin films prepared at dif-
ferent nitrogen partial pressure. The film prepared with
Ar gas only shows reflections corresponding permalloy
phase as indexed in the figure. As the nitrogen partial
pressure is increased, the reflection starts broadening and
the reflection with indices (111) and (200) starts merging
together. A clear shift in the positions of Bragg peak is
also evident. The grain size for the film sputtered with
Ar only was 7 nm which decreases to 3.5 nm after sput-
tering with 5 or 10% nitrogen. With a further increase
in the nitrogen partial pressure, an amorphous phase ap-
peared at 33%. As compared to FeN, the shifts in the
positions of Bragg peaks were rather small (see fig. 3).
Also overall increase in the interatomic distance at simi-
lar nitrogen pressure was smaller in NiFe as compared to
Fe. A discussion related to this issue is given in section 3.
While comparing the observed results with that of NiN
studied by Kawamura et al.,34 similar broadening and
expansion of unit cell of Ni was observed. On increasing
the RN2 to 50% with NiFe, the structure was changed
completely and several peaks were observed in the XRD
pattern. The phase identified at this pressure is a mix-
ture of FeNiN + γ′-FeNi3N. On further increasing RN2
to 59% or above, a broad hump around 2θ = 40◦ appears
along with faint reflections at higher angles. This hump
appears to be an envelop of several reflection observed
for RN2 = 50% sample and indicates re-amorphization
of the polycrystalline permalloy nitride structures formed
at RN2 = 50%.
Nanocrystallization or amorphization induced by reac-
tive nitrogen sputtering in Fe, Ni and NiFe can be ex-
plained with a single mechanism. At low nitrogen par-
tial pressures, nitrogen ions does not react with Fe, Ni
or NiFe and nitrogen is incorporated in the interstitial
sites, making an expansion of the unit cell. At inter-
mediate nitrogen pressure, a chemical reaction between
nitrogen and Fe, Ni or NiFe is favorable which results in
formation of nitride phases. At further higher nitrogen
pressures, deformation of the formed nitride phase starts
and the end structure is again nanocrystalline or amor-
phous. Detailed mechanism inducing nanocrystallization
or amorphization is discussed in section 3.
C. Crystallization behavior of amorphous films
From the observed XRD results it is evident that when
nitrogen partial pressure during sputtering is 5 and 10%,
an amorphous phase of FeN was formed while at 33%
and above 50%, amorphous NiFeN phase was formed. It
would be interesting to study the crystallization behavior
of these amorphous phases in order to understand their
properties. Two sets of samples were chosen for crys-
tallization studies (i) Fe-rich, FeN samples prepared at
RN2 = 2, 5, 10 and 20% and (ii) N-rich, NiFeN sample
prepared at RN2 = 83%. These films were annealed in a
vacuum furnace isochronally for 1 hour at each tempera-
ture. In order to avoid the fluctuations in temperature all
the four FeN films were annealed simultaneously in the
vacuum furnace. Fig. 4(a-d) shows the grazing incidence
XRD pattern of FeN annealed films. It is interesting to
observe that the films prepared with 2 and 5% nitrogen
partial pressure were highly unstable, and even at 150
◦C, Bragg peaks corresponding to α′′-FeN appear in the
XRD pattern. The film prepared with RN2 = 10%, was
found to be more stable and it remained amorphous up to
an annealing temperature of 200 ◦C. On further anneal-
ing at 300 ◦C the amorphous hump splits into three sharp
peaks corresponding to ǫ-Fe2N1−z phase and at 400
◦C,
new peaks corresponding to α′′-Fe16N2 phase were ob-
served. For the film prepared with RN2 = 20%, the XRD
pattern reveals a composite structure consisting of amor-
phous bcc-Fe and ǫ-Fe2N1−z phase in the as-deposited
state and after annealing at 150 ◦C, the structure crys-
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FIG. 5: Grazing incidence x-ray diffraction pattern of FeN film prepared with 2% (a), 5% (b), 10% (c) and 20% (d), in the
as-deposited state and after vacuum annealing at various temperatures. The films were annealed isochronally for 1 hour.
tallizes into ǫ-Fe2N1−z phase. Observed crystallization
behavior of amorphous phase shows that the amorphous
phase shows a better stability for the film prepared with
RN2 = 10%, and the films prepared either with higher or
lower nitrogen are formed in a highly metastable state.
Fig. 6 shows grazing incidence XRD pattern of the NiFeN
film prepared at RN2 = 83%, after annealing at different
temperatures. As can be seen from the figure, up to an
annealing temperature of 250 ◦C, no significant changes
in the XRD pattern were observed. While after annealing
at 350 ◦C, several peaks were observed. The most intense
peaks corresponds to (FeNi)3N and γ
′-FeNi3N phases.
Smaller peaks at 53.6, 58.2 and 77.8◦ could not be iden-
tified. After further annealing at 500 ◦C, no nitride phase
was observed, indicating out diffusion of nitrogen.
The observed crystallization behavior of both amor-
phous FeN and NiFeN phases is different as compared to
iron based binary or multi-component alloys. In conven-
tional metal-metal amorphous alloys, generally crystal-
lization occurs in 2 steps, in the first step a nanocrys-
talline microstructure co-exists with parent amorphous
phase whereas in the second step an intermetallic com-
pound along with nanocrystalline phase precipitates out.
The nominal reaction for such crystallization process
had been given as: amorphous → α+amorphous → α+
β; where α is the primary phase that precipitates out
from the amorphous matrix and β is an intermetallic
compound.38,39 In the present case, however, crystalliza-
tion takes place in a single step and annealing at temper-
atures above crystallization temperatures essentially re-
sults in nitrogen out diffusion. The amorphous structure
remained amorphous up to certain annealing tempera-
ture and thereafter mixed nitride phase were observed.
On further annealing due to nitrogen out diffusion pure
metallic or nitrogen poor phases are obtained.
D. Surface properties and growth behavior of FeN
films
The thickness of FeN and NiFeN thin films deposited
for RN2 = 0-100%, were determined using x-ray re-
flectivity technique. Since both FeN and NiFeN thin
films were deposited in a similar manner, detailed sur-
face and growth behavior of FeN thin films was inves-
tigated. Fig. 7 shows x-ray reflectivity pattern of FeN
thin films prepared at different nitrogen partial pressures.
The x-ray reflectivity pattern was fitted using a computer
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FIG. 7: X-ray reflectivity pattern of FeN thin films prepared
with different nitrogen partial pressure.
program40 based on Parratt’s formalism.41 Oscillations
due to total thickness of the films can be clearly seen
in the reflectivity pattern. The thickness of the films
obtained after fitting the pattern and was found in the
range of 90-100 nm. The fitted parameters are given in
table I. A detailed fitting of the pattern revealed that a
TABLE I: Fitted x-ray reflectivity parameters for FeN thin
films prepared at different nitrogen partial pressures.
RN2 film film sub
thickness roughness roughness
(%) nm(±0.2) nm(±0.1) nm(±0.2)
0 103.5 3.3 0.6
2 105.4 2.0 0.6
10 101.6 0.4 0.6
20 98.3 1.0 0.6
50 93.5 1.0 0.6
83 113.5 0.8 0.6
thin layer with density about 50% of the bulk of the lay-
ers is formed on the surface. Such a layer may be formed
due to “oxidation” of the surface when exposed to atmo-
sphere. The thickness of this layer was typically 2-3 nm.
It is interesting to see that the roughness of the film pre-
pared with Ar gas only, was 3.3 nm, which decreases to 2
nm at RN2 = 2%, and was only 0.4 nm for RN2 = 10%.
At RN2 = 20 and 50% the roughness again increases to
1 nm and at 83% again it decreases slightly. While look-
ing at microstructure of the deposited film obtained from
XRD measurements, there is a clear indication that an
amorphous phase is formed at lower and higher nitrogen
partial pressures. A decrease in the roughness of film
is not unexpected since amorphous structure is free of
grains and lattice defects, which may result in formation
of a smoother surface or interface. With the observed
decrease in the roughness of the film for amorphous sam-
ples, it would be interesting to study the growth behavior
of these films. For this purpose a series of FeN thin films
were deposited at RN2 = 0, 10 and 83%. In order to
minimize the parameters influencing the growth of a thin
film, all the film with one composition were prepared in a
single sputtering run. For this purpose, the area of sput-
tering target was masked with a small slit of size 15 mm
and all the films were prepared on a glass substrate by
exposing the substrate for different times to the plasma
at different positions on the substrate to obtain different
thicknesses.
All the films were prepared in the thickness range of 10-
150 nm. X-ray reflectivity measurements on all the films
were performed in specular and off-specular mode. The
off-set in off-specular measurements was taken at the on-
set of specular reflection peak in the rocking scan. This
offset was 0.05◦. The off-specular data was subtracted
from the specular data to obtain the “true-specular”
data. Fig. 8(a-c) shows the XRR patterns of abovemen-
tioned thin films. The patterns were fitted using a pro-
cedure as describe earlier. It was observed that for pure
iron film, the surface roughness increases monotonically
with an increase in the thickness while for the amorphous
FeN film the roughness of the film increases at a very slow
rate. For the case when FeN forms a nanocrystalline ni-
tride at RN2 = 83%, the surface roughness again show
an increase with the thickness. Previous studies have
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FIG. 8: X-ray reflectivity pattern of pure Fe film (a), FeN film with 10% N (b) and FeN film with 83% nitrogen partial pressure
(c). The evolution of film roughness with film thickness (d).
8shown that the rms roughness (σ) exhibits a power-law
behavior,20,42 as a function of the film thickness, given
as: σ ∼ tβ , accordingly, a double logarithmic plot of
the rms roughness of the films versus the film thickness
should yield a linear relation. Fig. 8(d) shows a plot
rms roughness versus film thickness for the abovemen-
tioned samples and a straight line fit to the data yields
the roughness growth exponent,β. For pure Fe film β =
0.35, for amorphous FeN film prepared at RN2 = 10%,
β = 0.14, and for nanocrystalline FeN film prepared at
RN2 = 83%, β = 0.39. The value of β for amorphous FeN
is very close to that obtained for amorphous SiO2
43 and
nitrogen rich amorphous FeN prepared using ion-beam
sputtering.20 Under the various growth models described
in literature, it may be observed that for the values of the
roughness growth exponent lying in the range of 0.1-0.25,
the growth can be well described by the KPZ model, first
introduced by Kardar, Parisi, and Zhang.44 This type of
the growth processes takes into account a random de-
position and a limited relaxation of the particles at the
surface. For the present case the value of for amorphous
sample lies well in this range, while for both pure Fe
and nanocrystalline FeN, the value of β is higher. A
higher value of β indicates non KPZ type growth which
is often observed for polycrystalline elements. The ob-
tained results clearly show a different growth mechanism
for amorphous film and support the argument that amor-
phous films yield smoother surfaces. It may be noted
that the absolute roughnesses of the films prepared with
smaller slits (15 mm) in front of the targets were smaller
as compared with the larger slits (80 mm).
E. Bulk magnetization measurements of FeN and
NiFeN films
Fig. 9 shows MH curve of the FeN samples prepared at
different nitrogen partial pressure. For the film prepared
with Ar gas only, the behavior is as-expected for iron,
and the value of saturation magnetization (Ms) was al-
most equal to reported values for bulk Fe. For the sample
prepared at RN2 = 2%, the MH loop shape changes to a
typical soft-magnetic. While the value of saturation mag-
netization is almost equal to pure Fe, the MH curve shows
a significant decrease in the value of coercivity (Hc). It
may be noted that the average grain size (D) for pure
Fe is about 13 nm, while for the sample prepared with
2% nitrogen partial pressure, the grain size reduce to 6
nm. A decrease in Hc in nanocrystalline ferromagnets is
expected as envisaged in the random-anisotropy model
(RAM).45,46,47 It may be noted that the ferromagnetic
exchange length (Lex) for α-Fe is 15-23 nm.
48,49For grain
sizes D < Lex, Hc decreases with a decrease in grain
size by D6. A reduction in grain size below ferromag-
netic exchange length allows exchange coupling between
the neighboring grains and results in a reduced effective
anisotropy 〈K〉. In the present case, however, the de-
crease in Hc was not found to vary with D6, rather it fol-
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FIG. 9: Magnetization measurements of FeN thin films pre-
pared at different nitrogen partial pressures. The inset shows
a variation in coercivity as a function of nitrogen partial pres-
sure during sputtering.
lows D2−3 type behavior. Since in the present case thick-
ness of the films is small, it is likely that effective averag-
ing would be only in the plane (area) of the film. In this
situation the ferromagnetic correlation volume would be
proportional to Lex
2 only, in contrast to Lex
3, in case of
bulk materials. This would reduce the number of grains
over which the averaging is done, and therefore a reduc-
tion in the magnetic anisotropy and Hc is not expected
to vary as D6 as observed in nanocrystalline ribbons or
powders. Assuming averaging over N=(Lex/D)
2 number
of grains, the effective anisotropy would be:
〈K〉 = K
2
1D
2
A
, (1)
where K1 is magneto-crystalline anisotropy of the grains
and A is the exchange stiffness. This would mean that
in case of a thin film, Hc would follow D2 type behavior
rather than D6, as pointed out by Hoffmann et al.50 The
observed decrease in Hc, for the sample prepared in pres-
ence of 2% nitrogen partial pressure can be understood
accordingly.
On the other hand when nitrogen partial pressure was
increased to 10%, the alloy forms an amorphous structure
and the magnetic measurements show a decrease in Ms as
well as Hc. A decrease in Hc can be understood within
RAM, when averaging is done on very fine grains and
magnetization follow the easy direction of each individual
grain. The decrease in the value of Ms can be understood
due to weakening of the exchange coupling between the
grains. Further, at RN2 = 20%, the Hc increase abruptly
while Ms continues to decrease.
It may be noted that at this nitrogen partial pressure
amorphous phase co-exists with hcp-ǫ-Fe3N phase. In
case ǫ-Fe3N phase is nonmagnetic (as found at higher
RN2), presence of a nonmagnetic phase among the fer-
romagnetic fine grains would result in a decrease in
9exchange length, which in accordance with the RAM,
causes anisotropy and coercivity to increase because of in-
complete averaging-out of random anisotropies of grains
within the exchange volume. The observed increase in
the Hc and decrease in Ms can be understood with this
argument. At further higher nitrogen partial pressure
where ǫ-Fe3N phase along with ζ-Fe2N phases were ob-
tained, the magnetization was almost zero, indicating
nonmagnetic nature of the film at this nitrogen pressure.
The films deposited at even higher RN2 were also non-
magnetic.
Crystallization behavior of the amorphous film de-
posited at RN2 = 10%, was also studied with magne-
tization measurements of the samples annealed at differ-
ent temperatures. Fig. 10 shows magnetization measure-
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FIG. 10: Magnetization measurements of FeN thin film pre-
pared at 10% nitrogen partial pressure as function of anneal-
ing temperature.
ments after annealing at different temperatures as dis-
cussed in the previous section. The M-H loop shape up,
before crystallization temperature was similar to that in
the as-deposited state. The only appreciable change was
the shape of the M-H loop, which became more square af-
ter annealing. Such a change in the M-H loop shape is di-
rectly related to removal of strains which might have de-
veloped during the deposition. At higher annealing tem-
perature where crystallization of amorphous phase takes
place, the loop shape was completely different. There
was a sharp increase in the value of coercivity and the
average value of Ms decreased. At further higher tem-
perature, the value of Ms further decreased and the loop
shape looks broader. From the XRD measurements it is
evident that upon crystallization ǫ-Fe3N phase precipi-
tates out and an increase in the Hc and decrease in Ms
is similar as observed for the sample prepared at RN2 =
20%, where ǫ-Fe3N phase existed. The observed magne-
tization behavior can be understood accordingly.
The magnetization measurements were also carried out
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FIG. 11: Magnetization measurements of NiFeN thin films
prepared at different nitrogen partial pressures.
in NiFeN films as a function nitrogen partial pressure dur-
ing sputtering. The M-H loop for the sample prepared
with Ar gas only is matching well with the values ob-
tained for permalloy.51 For the samples prepared with
increased RN2, the magnetization decreases rapidly and
the values of coercivity increased (see Fig. 11). As will
be discussed later, the start structure with NiFe is fcc,
and the volume of interstitial is much larger in case of
fcc as compared with a bcc Fe. This allows more nitro-
gen atoms to be incorporated within the unit cell of fcc
NiFe, which eventually results in decrease in magnetiza-
tion more rapidly as compared with bcc Fe. The observed
magnetization behavior may be understood with this ar-
gument.
F. Polarized neutron reflectivity measurements
In the present case since the samples were deposited
either on glass or Si substrate and the thickness of the
deposited films was in the range of 100 nm, the diamag-
netism of the substrates might results in erroneous val-
ues of absolute saturation magnetization when measured
with DC extraction magnetometer. Also the errors in
determining the size of the measured samples may lead
to further errors in the values of absolute magnetization.
With these two parameters in mind, the magnetization
of the FeN samples was also determined using Polarized
neutron reflectivity (PNR). PNR is a technique which is
able to yield the absolute value of magnetic moment per
atom in a magnetic thin film with high accuracy.52 In
contrast to bulk magnetization magnetometer technique
(e.g. DC extraction, VSM or SQUID), no correction due
to magnetic signal from the substrate has to be applied
in PNR. Further, the samples dimensions and mass does
not play a crucial role in determination of magnetic mo-
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ment. During the experiment, polarized neutrons with
spin parallel or antiparallel to the direction of magneti-
zation on the sample are reflected-off the surface of the
sample at grazing incidence. The measurements were
performed with an applied field of 400 Oe, which is suf-
ficient to reach the saturation magnetization in all the
samples. The measurements were carried out in the ToF
mode at a fixed angle of incidence. The ToF-PNR has an
advantage as during the measurement of spin up and spin
down reflectivities, only the polarization of the incoming
beam is changed by switching the direction of the applied
field at the polarizing supermirror.35 No movement of the
sample is required as often done in θ-2θ mode. The po-
tential energy of a neutron in the ith region of the sample
is given by:52,53
Vi =
2πh¯2
mn
ρibi + µn •Bi, (2)
where mn, ρi, bi, µn, Bi are mass of neutron, atomic
density, coherent scattering length, neutron moment and
magnetic field. This potential gives rise to spin depen-
dent reflectivity for the cases when incident polarization
is parallel to the direction of magnetization in the sample
(+) or antiparallel (-). Fig. 12 shows PNR data on the
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FIG. 12: Polarized neutron reflectivity measurements of FeN
thin films prepared at different nitrogen partial pressures.
Closed circles represents the data corresponding to spin up
reflectivity R+ and open circles to spin down reflectivity R−.
The solid line represents fitting to the experimental data.
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FIG. 13: Magnetic moment as obtained with the bulk mag-
netization measurements and polarized neutron reflectivity.
pressure during sputtering. As the amount of nitrogen
partial pressure is increased, the edge in R− shows a shift
towards higher qz values, and the separation between R+
and R− reflectivities decreases continuously. Finally for
RN2>20, both R+ and R− are merged together, indi-
cating that the sample has became nonmagnetic. The
magnetic moment in each case was determined by fit-
ting the experimental data using a computer program.54
Fig. 13 shows a plot of obtained values of magnetic mo-
ment with PNR and bulk magnetization measurements.
Perusal of the figures gives a clear indication that the
values of magnetic moment obtained with the two tech-
niques lies in the same range within the experimental
errors. It is interesting to note that at no point the mag-
netic moment is higher than that of pure.
IV. MECHANISM INDUCING
NANOCRYSTALLIZATION OR
AMORPHIZATION
From the results and discussion given in the previous
section, it is clear that both Fe and NiFe form a nanocrys-
talline or amorphous structures when sputtered with re-
active nitrogen. Only at some specific nitrogen partial
pressures, polycrystalline structures are obtained. The
mechanism inducing nanocrystallization or amorphiza-
tion can be understood in terms of incorporation of ni-
trogen within the crystal structures of Fe and NiFe and
rapid quenching of adatoms at the substrate. Atoms with
low Z e.g. B, C or N can easily occupy interstitial sites
causing an expansion of the unit cell as well as restricting
the long range ordering. It may be noted that for Fe the
structure is bcc, while for NiFe, it is fcc. The probability
of occupying the interstitial sites in the bcc and fcc crys-
tal system is different because of different close packing.
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FIG. 14: Distribution of interstitial site in bcc and fcc struc-
tures.
stitial sites (see Fig. 14), such as (1
4
, 1
2
,0), while in a fcc
structure, nitrogen atom may be located either at the
octahedral sites at the edge center of unit cell (1
2
, 0, 0)
and/or at the center of the unit cell (1
2
, 1
2
, 1
2
). The prob-
ability of occupation of nitrogen atoms at the interstitial
sites in the two structures can be obtained by calculating
the size of the interstitials for the two cases:
The radius of tetrahedral interstitial site at (1
4
, 1
2
,0) lo-
cation in bcc-Fe can be written as:
rint = [(
1
2
a0)
2 + (
1
4
a0)
2]
1
2 −Rbcc, (3)
where Rbcc is the radius of bcc Fe and a0 (=0.2866 nm
)is the lattice constant of the bcc Fe atom and Rbcc =√
3a0/4 = 0.1241 nm. From equation (3) the radius of
(1
4
, 1
2
, 0) location of interstitial site rint for bcc Fe is 0.0361
nm. Similarly we can calculate the radius of interstitial
site for fcc NiFe at the octahedral sites (1
2
, 0, 0) using
the expression:
2rint = a0 − 2Rfcc, (4)
Where a0 = 0.3545nm for NiFe and Rfcc is the radius of
fcc NiFe and Rfcc =
√
2a0/4 = 0.1253 nm. From equation
(4) the radius of (1
2
, 0, 0) location of interstitial site rint
for fcc is 0.0523 nm.
The intestinal site in the bcc Fe is smaller than that in
fcc NiFe alloy. Whereas both are smaller than atomic ra-
dius of nitrogen atom (0.075 nm). Therefore for both Fe
and NiFe, nitrogen occupying the interstitial sites would
cause a distortion to the unit cell and it is expected that
this distortion should be more effective for bcc Fe as com-
pared with fcc NiFe while depositing at a given nitrogen
partial pressure. As a matter fact it is clear from our
XRD results that almost complete amorphization of Fe
was observed at RN2 = 10%, while incase of NiFe, fully
amorphous state was obtained at RN2 = 33%. This result
clearly indicated that nitrogen atoms gradually occupy
the interstitial space within bcc or fcc structure and since
available space in a fcc structure is larger, fcc structure al-
lowed more nitrogen atoms to be incorporated. Further,
when nitrogen partial pressure was increased beyond the
one at which final amorphous structure was obtained, the
structure of both Fe and NiFe was changed basically to
A3N (A = Fe or NiFe).
From the energetics of binary iron nitrides55 (at room
temperature), it may be noted that the heat of formation
for ǫ-Fe3Nx is lower (-40 to -45 kJ mol
−1) as compared
with neighboring e.g. Fe4N (-12 kJ mol
−1) or Fe2N (-34
kJ mol−1) phases. On the other hand nitrogen richest
phase γ′′′-FeN0.91 has the lowest enthalpy of formation
(-47 kJ mol−1). It is expected that at intermediate nitro-
gen pressures when no more interstitial nitrogen can be
incorporated within the unit cell, Fe3N or Fe2N phases
would be readily formed. In fact when sputtered with
RN2 = 33%, iron nitride structure is a mixture of Fe3N
and Fe2N phases. Further increase in nitrogen partial
pressure at 50%, resulted in formation of nitrogen rich
γ′′′-type FeN. Still since the peaks were broadened, com-
pletely crystalline structure was not formed. At RN2 =
83%, sharp reflections corresponding to γ′′′-FeN were ob-
served. A further increase in the nitrogen partial pressure
resulted in broadening of the XRD peaks. This means
that well-defined polycrystalline structure of FeN com-
pounds are only obtained at some specific nitrogen par-
tial pressures and below and above these specific partial
pressures the long range ordering is restricted due to in-
complete Fe-N bonds or partial breaking of Fe-N bonds
due to excessive nitrogen. Similar behavior was also ob-
served for NiFe, however amount of incorporation of ni-
trogen atoms in the two cases is different.
The energy of the adatoms with parameters used dur-
ing sputtering for Fe or NiFe would be around 10 eV,56
which corresponds to roughly 105 K. During condensa-
tion onto the substrate which tales place within ∼msec,
the adatoms are rapidly quenched, the mobility of the
atoms is restricted; it is expected that either the occu-
pancy of reactive nitrogen at interstitial sites or a chem-
ical reaction between sputtered atom and nitrogen takes
place in the plasma. Since the substrate were not heated
intentionally, it is very unlikely that any rearrangement
process would take place onto the substrate after conden-
sation. This argument supports that microstructure of
the deposited film would strongly depend on the plasma
12
which in turn depend upon the amount of reactive nitro-
gen used during sputtering. Since nitrogen atoms gradu-
ally occupy interstitial sites in Fe or NiFe, it is expected
that the microstrain of the structure should increase as
the amount of nitrogen partial pressure is increasing.
The microstrain variation in the samples studied in the
present case can be determined from XRD data using
Williamson-Hall plots for Lorentzian peak shape:57
b cos θ = A+B sin θ (5)
Where A = 0.9λ/t, t is grain size and B = 4ǫ(ǫ = mi-
crostrain), b is the FWHM in 2θ.
A straight line fit in the plot of b cosθ and sinθ yield the
values of constant A and B, which in turn yield the val-
ues of grain size as well as microstrain. Such a plot was
obtained all the sample displayed in fig. 1 and fig. 4. The
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FIG. 15: Microstrain obtained from the XRD data (see fig. 1
and fig. 4)for FeN and NiFeN samples prepared with different
nitrogen partial pressures. The solid or dotted line are guide
to the eye.
obtained values of microstrain for FeN and NiFeN are
plotted in fig. 15. It may be noted that the higher order
reflections in the present case are reflected poorly, effec-
tive microstrain is obtained can be obtained using the
most intense peak.58 Further, the microstrain in the de-
posited samples can have other origin such as grain size or
dislocation. However a comparison of microstrain for the
samples prepared at different nitrogen partial pressure is
expected to provide additional insight on the mechanism
inducing nanocrystallization or amorphization. It is in-
teresting to see that for both FeN and NiFeN the micros-
train is largest for the amorphous phases while for poly-
crystalline phases of nitrides or pure Fe and NiFe, it is
almost zero. An increase in the microstrain on nanocrys-
tallization and amorphization gives an indication that the
unit cell of Fe or NiFe is distorted due to incorporation of
nitrogen at interstitial sites. Whenever a polycrystalline
structure is formed, the microstrain is at minimum. Since
the polycrystalline structure is formed due to almost
complete covalent bonds between Fe and N or NiFe and
N, the distortion of the unit cell should be at minimum.
An incomplete bonding or excessive nitrogen increased
the microstrain in the film which leads to nanocrystalline
or amorphous phase of the deposited sample. This argu-
ment combined with the fact that adatoms are quenched
at the substrate within a very short time, explains the
mechanism inducing nanocrystallization or amorphiza-
tion. Even though amorphization or nanocrystallization
increased the microstrain within the structure of the de-
posited film, it is interesting to note that surface rough-
ness of the amorphous film was improved on amorphiza-
tion, which gives an indication that strains are developed
within the structure.
V. CONCLUSIONS
From the present study it can be concluded that re-
active nitrogen sputtering of bcc-Fe and fcc-NiFe (at
room temperature) forms a nanocrystalline or amorphous
structure at most of the nitrogen partial pressures. Only
at specific nitrogen partial pressures polycrystalline ni-
trides were obtained which are thermodynamically fa-
vored. Above or below this specific pressure the long
range ordering is perturbed by reactive nitrogen. The
crystallization in both amorphous FeN and NiFeN takes
place in a single step and at higher temperature nitro-
gen poor phases are formed due to nitrogen out-diffusion.
The growth behavior of amorphous FeN showed improved
surface roughness due to amorphization and the growth
exponent β was minimum for amorphous phase as com-
pared with poly or nanocrystalline phases. The magnetic
measurements on ferromagnetic FeN and NiFeN films re-
veal that in case of FeN, at low nitrogen content, the alloy
forms a soft-magnetic phase while at higher nitrogen con-
tent the average value of magnetization decreased and
coercivity increased. For NiFeN, inclusion of nitrogen
produced phases with reduced values of magnetization.
The magnetic moment of the samples was confirmed with
polarized neutron reflectivity and was in agreement with
the values obtained with DC extraction magnetometery.
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